Abstract-The photopic negative response (PhNR) component of the electroretinogram (ERG) is caused by loss of ganglion cells in the retina and can be used for the assessment of glaucoma. The purpose of this study was to use information theory techniques to explore subtle timing changes in the electroretinogram in glaucoma patients. The entropy of ERG signals were calculated within a sliding window, filtered with KZA filter to find the peaks and the timing of entropy changes determined. We found an earlier rise in entropy in glaucoma patients showing that this may have potential as new technique for glaucoma diagnosis.
I. INTRODUCTION
Glaucoma is a neurodegenerative disease of the optic nerve that is caused by loss of ganglion cells in the retina and is related to increased pressure within the eye (IOP). Vision loss is usually insidious and commences in the peripheral field of vision. Because the loss can be very slow, patients are frequently unaware of the loss at the early stages. This loss is, however, permanent and irreversible. Once detected, the only means of preventing further loss is reduction of the IOP with drops, surgery, laser or a combination of treatments. There is no single safe intraocular pressure and a target or 'safe' pressure must be found or estimated for each patient. As all of the treatments have side effects, the challenge for a clinician is to find the earliest changes in visual function -before any actual symptoms have developed. In assessing the adequacy of treatment, M. S. is with the school of Engineering, RMIT university, Melbourne, Australia and Center for Eye Research, University of Melbourne, Australia, phone: (03) 99259533; e-mail: marc.sarossy@rmit.edu.au).
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the clinician needs to evaluate the function and structure of the optic nerve to ensure no further loss is occurring at the current IOP. Delayed diagnosis or inadequate treatment of glaucoma will result in permanent structural damage to the optic nerve and vision loss. Tests such as confocal scanning laser ophthalmoscopy and optical coherence tomography assess the structure of the nerve, but it is possible that the changes in the function precede these structural changes. This structure-function 'gap', i.e. the difference between the structural and functional changes, may predict the reversible component of the disease.
Functional changes should manifest at an earlier time point within the disease course compared to structural changes -which are usually caused by the death and apoptosis of cells. Current tests of function in glaucoma are visual field testing: measuring the sensitivity of the visual system at various degrees of eccentricity and electrophysiological testing. The Photopic Negative Response (PhNR) component of electroretinogram (ERG) and the pattern ERG have both been shown to change in glaucoma. They can be effective in detection of the disease prior to permanent loss of ganglion cells [1] and are more objective than visual field testing which requires voluntary responses from the patient.
The pattern ERG (PERG) is a smaller amplitude response dependent upon good patient visual fixation and very sensitive to loss of central acuity. The PhNR is the slow negative potential occurring after the b-wave of ERG with an appropriate ganzfeld stimulus. This component of ERG is known to originate from the action potentials of retinal ganglion cells [2, 3] . The response has been
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With Glaucoma shown to be reduced as a result of glaucoma in clinical studies and animal models and therefore it could be a useful measure for evaluation of inner retinal function of glaucomatous eyes. Niyadurupola et al. [4] studied glaucomatous and ocular hypertensive eyes in terms of how lowering IOP would affect the PhNR. They found significant improvement in raw PhNR amplitude and the ratio of PhNR to b-wave in response to lowered IOP. In another study PhNR amplitudes was found to be correlated with thickness of ganglion cells in the center of the macula indicating another test which can be used for glaucoma assessment [5] . ElGohary et al. [6] characterized the PhNR in rabbits by inducing glaucoma in the right eyes. The result showed significant decrease in PhNR amplitude within one week of induction (P=0.0001) but no significant association or change in the timing of PhNR was observed (P=0.132). In all of these studies only the amplitude of the PhNR has been reported to be effective for evaluation of glaucoma. However the negative going peak of the response is difficult to define, and the timing/ latency of the PhNR was found to be unrelated to the disease; this makes it unsuitable for diagnosis.
In this work we have hypothesized that the information and hence the time function of the entropy of the ERG signal will vary in post stimulus period with increasing glaucoma. This will be manifested by group differences between glaucoma and non-glaucoma subjects. In this study, we used a sliding window on each trace to compute the entropy of the signal within the window; determining the onset of the light evoked ERG and the offset of the response by the timing of the changes in entropy. . The sample rate of the device was set to 1.9 K Samples per second at 24 bits resolution, an epoch of 220ms and pre-stimulus acquisition starting at 100ms. 200 sweeps were performed for each session. Proprietary 3 pole skin electrodes were used which incorporated active, indifferent and earth electrodes. B-wave amplitude (the first positive going wave measured relative to the awave) and implicit time were measured with the provided device software.
II. DATA COLLECTION
Informed consent was obtained from all participants. The left eyes of 21 glaucoma patients (age 34-86, mean age 66.4) and 18 normal aged matched controls
III. METHODOLOGY
The raw output of the ADC was exported as a file. Entropy analysis was performed in RStudio, ver. 0.99.486 [7] on the raw data using the theory developed by Shannon [8] . Considering pi as the probability of occurrence of the i th type of element, Shannon entropy H(x) can be calculated as in (1): = − ∑ log (1) where N is the total number of element types. Shannon entropy of a vector of values is invariant to the order of the values in the array.
Entropy was calculated with a sliding window of width 150 samples which was advanced by one sample at a time. For each window, the vector of ADC values was binned into a histogram of 30 bins using the entropy package in R [9] . The entropy of the histogram was estimated using the maximum likelihood plugin estimator. The mean entropy over all sweeps for each window time point was calculated to obtain the entropy signal expressed in the time domain. The mean entropy signal was filtered with the Komolgorov Zurbenko adaptive (kza) filter [10] with a windows size of 30 and 3 iterations. KZA is an iterated adaptive moving average filter and a non-parametric technique for locating breaks in time-series signals when it is buried in noise. The rise in entropy after the conclusion of the signal was detected by finding the maximum of in the first derivative of the response after KZA filtration. The first numerical derivative was estimated using the "sfsmisc" package in R [11] The last positive peak of the derivative corresponds with the time point of the maximum gradient of the terminal entropy rise after the entropy dip as shown in Fig. 2 b. The b-wave of the ERG signal was also analyzed for its amplitude and latency to find whether there was any significant difference between the normal and glaucomatous eyes. The magnitude of the PhNR is well known to decrease in patients with glaucoma and also in animal models of glaucoma. The source of the PhNR itself has been shown to be from the spiking ganglion cells of the retina which will be affected by glaucoma and increases in IOP of the eye. Glaucoma is a disease that usually affects the more peripheral ganglion cells first; manifesting as peripheral loss of visual field and loss of the ganglion and nerve fiber layers of the retina more peripherally. The signals from the more peripheral cells have a longer transit time within the eye. We suggest that the underpinning physiology of our finding: an earlier rise in the entropy or randomness of the ERG signal in Glaucoma patients may be a result from the preferential loss of these more peripheral ganglion cells and is analogous to a shorter "settling time" in the presence of this disease. The algorithm for calculating the entropy via sliding windows is computationally simple and efficient and it lends itself to implementation on an embedded platform like the hand held ERG unit. By studying the timing of the changes of the entropy, the glaucoma physician may be better able to diagnose the earliest changes of glaucoma in a person at risk, or realize that the IOP is too high in a patient already diagnosed and receiving treatment. In this way, electrophysiological testing may help to prevent irreversible vision loss.
